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1.  INTRODUCTION 


The  narrowing  of  ro-vibrational  Raman  spectra  of  some  gases  with  increasing  pressure  was  first 
observed  for  CO  in  1959  (May  1959)  and  for  N2  and  Oj  a  few  years  later  (Mikhailov  1964;  Varghese 
1967).  Theoretical  explanations  of  the  narrowing  of  ro-vibrational  Raman  spectra  with  increasing  pressure 
for  some  species  also  appeared  around  this  time  (Alekseev  and  Sobel’man  1968;  Fiutak  and 
Van  Kranendonk  1963).  Alekseev  and  Sobel’man  (1968)  showed  that  molecular  collisions  may  lead  to 
the  narrowing  of  a  group  of  lines  in  a  manner  similar  to  that  previously  observed  for  nuclear  magnetic 
resonance  spectra  (Bloembergen  and  Pound  1948).  These  early  experiments  used  the  mercury  vapor  line 
at  404.7  nm  as  the  scattering  source  (May,  Stryland,  and  Varghese  1970). 

With  the  advent  of  lasers  as  scattering  sources,  more  detailed  studies  of  the  effect  of  sample  gas 
density  on  Raman  scattering  became  possible  (Wang  and  Wright  1973).  The  development  of  nonlinear 
scattering  techniques  (CARS,  four- wave  mixing  [Hall  and  Eckbreth  1981;  Hall,  Verdieck,  and  Eckbreth 
1980;  Roland  and  Steele  1980])  and  the  potential  applications  to  combustion  diagnostics  brought  renewed 
interest  in  the  narrowing  of  ro-vibrational  Raman  spectra  observed  for  some  species  at  elevated 
pressure  (Hall  and  Eckbreth  1981;  Hall,  Verdieck,  and  Eckbreth  1980;  Roland  and  Steele  1980). 

We  report  here  the  first  study  of  Raman  spectra  of  nitrogen  at  elevated  pressure  using  a  Fourier 
transform  (FT)  spectrometer  employing  Nd:YAG  laser  radiation  at  1,064  nm  as  the  scattering  source 
(hereafter  referred  to  as  FT-Raman  spectroscopy).  We  have  found  that  ro-vibrational  Raman  spectra  of 
N2  measured  using  FT-Raman  spectroscopy  over  the  pressure  range  from  3  to  24  MPa  (5(X)  to  3,5(X)  psi) 
agree  within  experimental  error  with  data  collected  by  other  methods  over  similar  pressure  regions  (May, 
Stryland,  and  Varghese  1970;  Roland  and  Steele  1980;  Wang  and  Wright  1973). 

2.  EXPERIMENTAL 


The  Raman  spectrometer  system  used  in  this  experiment  has  been  described  in  detail  in  McNesby, 
Wolfe,  Morris,  and  Pesce-Rodriguez  (1994).  Briefly,  the  system  consists  of  a  Bomen/Hartmann  &  Braun 
Inc.  Model  DA-8  FT  spectrometer  to  which  a  Raman  accessory  has  been  added.  Laser  radiation  from  a 
Quantronics  Model  100  Nd:YAG  laser  focused  onto  the  sample  cell  containing  high  pressure  nitrogen. 
Back- scattered  radiation  is  focused  onto  the  entrance  port  of  the  FT  spectrometer.  The  scattered  radiation 
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is  filtered  (to  minimize  the  Rayleigh  line)  before  and  after  modulation  by  the  interferometer,  and  the 
modulated  radiation  is  detected  using  a  liquid  nitrogen  cooled  Indium-Gallium-Arsenide  detector. 

Power  incident  on  the  sample  was  1  W.  Laser  cavity  apertures  were  adjusted  to  give  the  "best" 
Gaussian  beam  profile.  The  full  width  at  half  maximum  of  the  NdiYAG  laser  was  approximately 
0.4  cm  ^  Although  an  effort  was  made  to  achieve  single  mode  operation,  it  was  found  that  for  our 
system,  the  best  beam  shape  was  achieved  when  the  laser  was  running  multimode.  No  polarizing  filters 
were  used  in  the  experiment  reported  here. 

The  sample  cell  is  a  Harrick  Corp.  high  pressure  gas  cell.  The  cell  has  an  internal  volume  of  0.3  cm^ 
and  is  equipped  with  3-mm-thick  sapphire  windows.  Gas  pressure  is  maintained  by  an  Isco  Corp. 
Model  50  syringe  pump.  Ultra  high  purity  nitrogen  supplied  by  Matheson,  Inc.  was  used  without  further 
purification. 

The  Q-branch  spectra  were  measured  at  0.5  cm~^  resolution  for  100  coadded  scans.  The  pure 
rotational  spectra  were  measured  at  1  cm"^  resolution  for  500  coadded  scans.  Spectra  were  zero-filled 
prior  to  being  Fourier  transformed  to  minimize  any  error  in  peak  shape  or  intensity  caused  by  instrument 
resolution.  The  maximum  error  in  linewidths  reported  here  is  estimated  to  be  ±0.125  cm“^  This  estimate 
is  based  on  a  FT  spectrometer  operating  at  0.5  cm“^  resolution  (prior  to  zero-filling)  reporting  intensity 
every  0.25  cm-^  All  spectra  were  recorded  with  the  sample  gas  at  room  temperature  (300  K  ±5  K). 

3.  RESULTS  AND  DISCUSSIONS 

Figure  1  shows  the  Q-branch  of  the  Raman  spectrum  of  nitrogen  from  10  to  24  MPa  (1,500  to 
3,500  psi)  measured  at  a  resolution  of  0.5  cm"^  Two  features  may  be  distinguished.  First,  there  is  a  red 
shift  of  the  peak  of  the  Q-branch  with  increasing  pressure.  Second,  and  less  noticeable,  the  full-width  at 
half  maximum  (FWHM)  of  the  Q-branch  decreases  with  increasing  pressure. 

Figure  2  shows  the  FWHM  for  the  Q-branch  of  the  Raman  spectrum  of  nitrogen  as  a  function  of 
pressure,  along  with  data  obtained  at  similar  pressures  using  other  Raman  techniques  (e.g.,  CARS  [Hall 
and  Eckbreth  1981;  Hall,  Verdieck,  and  Eckbreth  1980;  Roland  and  Steele  1980],  Hg  lamp  excitation 
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Nitrogen  0  — Branch  Line  Width 

Full  Width  at  Half  Maximum 


Figure  2.  TTy  change  in  FT-Raman  Q-branch  lincwidth  (Ml  width  at  half  maximiim't  for  nitrogen  over  the 
suidied  in  these  experiments.  Maximum  error  is  estimated  to  be  +/-0.12S  cm~^ 


(May,  Stryland,  and  Varghese  1970).  As  seen  from  Figure  2,  the  present  results  agree  well  with  those 
obtained  by  other  investigators,  including  those  techniques  (e.g.,  CARS)  for  which  the  dependence  on 
electric  susceptibility  is  nonlinear. 

Figure  3  shows  the  peak  of  the  Raman  shift  for  the  Q-branch  over  the  pressure  range  studied.  The 
best  linear  fit  through  these  data  is 

(Raman  shift  [cm“^])  =  -0.0495 *(pressure  in  MPa)  +  2,328.138  cm“^. 

The  value  for  the  Q-branch  peak  extrapolated  to  zero  pressure  (2,328.138  cm"'  [±0.066  cm“^])  agrees  well 
with  the  value  obtained  by  using  Ar  laser  excitation  (2,328.2  cm“’)  (Wang  and  Wright  1973). 

The  shift  and  narrowing  of  the  Q-branch  occurs  because  rotationally  inelastic  collisions  approach  a 
frequency  comparable  to  that  of  the  separation  of  the  individual  transitions  that  comprise  the  Q-branch. 
The  rotation-vibration  interaction,  normally  dependent  on  eyJ(J  +  1)  in  which  e^  is  the  rotation-vibration 
interaction  constant  and  J  is  the  rotational  quantum  number,  is  replaced  by  a  value  indicative  of  the  mean 
rotational  state  (May,  Stryland,  and  Varghese  1970). 

Figure  4  shows  a  portion  of  the  pure  rotational  spectrum  of  nitrogen  at  17  MPa  (3,0(X)  psi)  obtained 
using  FT-Raman  spectroscopy.  The  portion  of  the  spectrum  shown  is  that  covered  by  the  short  pass  filter 
supplied  by  the  instrument  manufacturer  (Bomen/Hartmann  &  Braun,  Inc.).  This  spectrum  has  been 
corrected  for  instrument  and  filter  response  functions.  The  Raman  scattering  cross  sections  for  the  pure 
rotational  transitions  are  larger  than  the  scattering  cross  sections  for  the  O-  and  S-branches  of  the 
ro-vibrational  transitions  (Bendtsen  1974)  because  the  scattering  intensity  is  dependent  on  the  fourth  power 
of  the  frequency  of  the  scattered  radiation  (Herzberg  1950).  This  may  be  seen  by  the  absence  of  O-  and 
S-branch  transitions  in  Figure  1,  even  though  the  spectra  shown  in  Figures  1  and  4  were  collected  using 
the  same  incident  laser  power.  The  intensity  of  the  Q-branch  transition  (relative  to  the  O-  and  S-branches) 
in  the  ro-vibrational  Raman  spectrum  is  also  a  manifestation  of  the  so-called  J-dependent  trace-scattering 
(Herzberg  1950)  term  in  the  expression  for  Q-branch  line  strength. 
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Rotational  Raman  Spectrum  of  Nitrogen 


For  FT-Raman  spectroscopy,  collecting  high-quality  rotational  or  ro-vibrational  FT-Raman  spectra  of 
nitrogen  below  500  psi  is  difficult.  It  should  be  noted  that  Raman  spectra  of  nitrogen  using  higher 
frequency  light  sources  (e.g.,  the  Ar  laser  line  at  514.5  nm)  routinely  show  well  resolved  O-  and 
S-branches  (Bendtsen  1974). 

4.  CONCLUSION 


It  has  been  shown  that  motional  narrowing  of  the  Raman  Q-branch  in  high  pressure  nitrogen  is 
observed  using  a  FT  spectrometer  when  the  scattering  radiation  is  at  a  wavelength  of  1,064  nm.  The 
narrowing  and  shifting  of  the  Q-branch  transition  observed  in  these  experiments  agrees  within 
experimental  error  with  measurements  obtained  by  other  workers  using  Ar  laser  excitation  and  using 
nonlinear  (e.g.,  CARS)  techniques.  We  are  presently  extending  FT-Raman  spectroscopy  to  the  study  of 
supercritical  fluids. 
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SANDIA  NATIONAL  LABORATORIES 
LIVERMORE  CA  94550 

1  BRIGHAM  YOUNG  UNIVERSITY 

ATTN  M  W  BECKSTEAD 
DEPT  OF  CHEMICAL  ENGINEERING 
PROVO  UT  84058 

1  CALIFORNIA  INSTITUTE  OF  TECH 

JET  PROPULSION  LABORATORY 
ATTN  L  STRAND  MS  125  224 
4800  OAK  GROVE  DRIVE 
PASADENA  CA  91109 

1  CALIFORNIA  INSTITUTE  OF  TECHNOLOGY 

ATTN  F  E  C  CULICK  MC  301  46 
204  KARMAN  LAB 
PASADENA  CA  91125 

1  UNIVERSITY  OF  CALIFORNIA 

LOS  ALAMOS  SCIENTIFIC  LAB 
P  O  BOX  1663  MAIL  STOP  B216 
LOS  ALAMOS  NM  87545 

1  UNIVERSITY  OF  CALIFORNIA  BERKELEY 

CHEMISTRY  DEPARMENT 
ATTN  C  BRADLEY  MOORE 
211  LEWIS  HALL 
BERKELEY  CA  94720 

1  UNIVERSITY  OF  CALIFORNIA  SAN  DIEGO 

ATTN  F  A  WILLIAMS 
AMES  BOlO 
LA  JOLLA  CA  92093 
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2  UNIV  OF  CALIFORNIA  SANTA  BARBARA 
QUANTUM  INSTITUTE 

ATTN  K  SCHOFIELD 

M  STEINBERG 

SANTA  BARBARA  CA  93106 

1  UNIV  OF  COLORADO  AT  BOULDER 

ENGINEERING  CENTER 
ATTN  J  DAILY 
CAMPUS  BOX  427 
BOULDER  CO  80309-0427 

3  UNIV  OF  SOUTHERN  CALIFORNIA 
DEPT  OF  CHEMISTRY 

ATTN  R  BEAUDET 
S  BENSON 
C  WITTIG 

LOS  ANGELES  CA  90007 

1  CORNELL  UNIVERSITY 

DEPARTMENT  OF  CHEMISTRY 
ATTN  T  A  COOL 
BAKER  LABORATORY 
ITHACA  NY  14853 

1  UNIVERSITY  OF  DELAWARE 

ATTN  T  BRILL 
CHEMISTRY  DEPARTMENT 
NEWARK  DE  19711 

1  UNIVERSITY  OF  FLORIDA 

ATTN  J  WINEFORDNER 
DEPT  OF  CHEMISTRY 
GAINESVILLE  FL  32611 

3  GEORGIA  INSTITUTE  OF  TECHNOLOGY 

SCHOOL  OF  AEROSPACE  ENGINEERING 
ATTN  E  PRICE 
W  C  STRAHLE 
B  TZINN 

ATLANTA  GA  30332 

1  UNIVERSITY  OF  ILLINOIS 

DEPT  OF  MECH  ENG 
ATTN  H  KRIER 
144MEB  1206  W  GREEN  ST 
URBANA  IL  61801 

1  THE  JOHNS  HOPKINS  UNIV  CPIA 

ATTN  T  W  CHRISTIAN 
10630  LITTLE  PATUXENT  PKWY  SUITE  202 
COLUMBIA  MD  21044-3200 


1  UNIVERSITY  OF  MICHIGAN 

GAS  DYNAMICS  LAB 
ATTN  G  M  FAETH 
AEROSPACE  ENGINEERING  BLDG 
ANN  ARBOR  MI  48109-2140 

1  UNIVERSITY  OF  MINNESOTA 

DEPT  OF  MECHANICAL  ENGINEERING 
ATTN  E  FLETCHER 
MINNEAPOLIS  MN  55455 

4  PENNSYLVANIA  STATE  UNIVERSITY 

DEPT  OF  MECHANICAL  ENGINEERING 
ATTN  K  KUO 
M  MICCI 
S  THYNELL 
V  YANG 

UNIVERSITY  PARK  PA  16802 

1  POLYTECHNIC  INSTITUTE  OF  NY 
GRADUATE  CENTER 

ATTN  S  LEDERMAN 
ROUTE  110 

FARMINGDALE  NY  11735 

2  PRINCETON  UNIVERSITY 
FORRESTAL  CAMPUS  LIBRARY 
ATTN  K  BREZINSKY 

I  GLASSMAN 
P  O  BOX  710 
PRINCETON  NJ  08540 

1  PURDUE  UNIVERSITY 

SCHOOL  OF  AERONAUTICS  AND  ASTRONAUTICS 

ATTN  J  R  OSBORN 

GRISSOM  HALL 

WEST  LAFAYETTE  IN  47906 

1  PURDUE  UNIVERSITY 
DEPARTMENT  OF  CHEMISTRY 
ATTN  E  GRANT 

WEST  LAFAYETTE  IN  47906 

2  PURDUE  UNIVERSITY 

SCHOOL  OF  MECHANICAL  ENGINEERING 
ATTN  N  M  LAURENDEAU 
S  N  B  MURTHY 
TSPC  CHAFFEE  HALL 
WEST  LAFAYETTE  IN  47906 
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1  RENSSELAER  POLYTECHNIC  INST 

DEPT  OF  CHEMICAL  ENGINEERING 
ATTN  A  FONTUN 
TROY  NY  I2I8I 

1  STANFORD  UNIVERSITY 

DEPT  OF  MECHANICAL  ENGINEERING 
ATTN  R  HANSON 
STANFORD  CA  94305 

1  UNIVERSITY  OF  TEXAS 

DEPT  OF  CHEMISTRY 
ATTN  W  GARDINER 
AUSTIN  TX  78712 

1  VA  POLYTECH  INST  AND  STATE  UNIV 

ATTN  J  A  SCHETZ 
BLACKSBURG  VA  24061 

1  APPLIED  COMBUSTION  TECHNOLOGY  INC 
ATTN  A  M  VARNEY 

P  O  BOX  607885 
ORLANDO  FL  32860 

2  APPLIED  MECHANICS  REVIEWS 
ASME 

ATTN  R  E  WHITE  &  A  B  WENZEL 
345  E  47TH  STREET 
NEW  YORK  NY  10017 

1  ATLANTIC  RESEARCH  CORP 

ATTN  R  H  W  WAESCHE 
7511  WELLINGTON  ROAD 
GAINESVILLE  VA  22065 

1  TEXTRON  DEFENSE  SYSTEMS 

ATTN  A  PATRICK 
2385  REVERE  BEACH  PARKWAY 
EVERETT  MA  02149-5900 

1  BATTELLE 

TWSTIAC 
505  KING  AVENUE 
COLUMBUS  OH  43201-2693 

1  COHEN  PROFESSIONAL  SERVICES 

ATTN  N  S  COHEN 
141  CHANNING  STREET 
REDLANDS  CA  92373 


1  EXXON  RESEARCH  &  ENG  CO 

ATTN  A  DEAN 
ROUTE  22E 
ANNANDALE  NJ  08801 

1  GENERAL  APPLIED  SCIENCE  LABS  INC 

77  RAYNOR  AVENUE 
RONKONKAMA  NY  11779-6649 

1  GENERAL  ELECTRIC  ORDNANCE  SYSTEMS 

ATTN  J  MANDZY 
100  PLASTICS  AVENUE 
PITTSFIELD  MA  01203 

1  GENERAL  MOTORS  RSCH  LABS 
PHYSICAL  CHEMISTRY  DEPARTMENT 
ATTN  T  SLOANE 

WARREN  MI  48090-9055 

2  HERCULES  INC 
ATTN  W  B  WALKUP 
E  A  YOUNT 

P  O  BOX  210 

ROCKET  CENTER  WV  26726 

1  HERCULES  INC 

ATTN  R  V  CARTWRIGHT 
100  HOWARD  BLVD 
KENVIL  NJ  07847 

1  ALLIANT  TECHSYSTEMS  INC 

MARINE  SYSTEMS  GROUP 
ATTN  D  E  BRODEN  MS  MN50  2000 
600  2ND  STREET  NE 
HOPKINS  MN  55343 

1  ALLIANT  TECHSYSTEMS  INC 

ATTN  R  E  TOMPKINS 
MN  1 1  2720 

600  SECOND  ST  NORTH 
HOPKINS  MN  55343 

1  IBM  CORPORATION 

ATTN  A  C  TAM 
RESEARCH  DIVISION 
5600  COTTLE  ROAD 
SAN  JOSE  CA  95193 

1  IIT  RESEARCH  INSTITUTE 

ATTN  R  F  REMALY 
10  WEST  35TH  STREET 
CHICAGO  IL  60616 
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1  LOCKHEED  MISSILES  &  SPACE  CO 

ATTN  GEORGE  LO 
3251  HANOVER  STREET 
DEPT  52  35  B204  2 
PALO  ALTO  CA  94304 

1  OLIN  ORDNANCE 

ATTN  V  MCDONALD  LIBRARY 
P  O  BOX  222 
ST  MARKS  FL  32355-0222 

1  PAUL  GOUGH  ASSOCIATES  INC 

ATTN  P  S  GOUGH 
1048  SOUTH  STREET 
PORTSMOUTH  NH  03801-5423 

1  HUGHES  AIRCRAFT  COMPANY 

ATTN  T  E  WARD 
8433  FALLBROOK  AVENUE 
CANOGA  PARK  CA  91303 

1  ROCKWELL  INTERNATIONAL  CORP 

ROCKETDYNE  DIVISION 
ATTN  J  E  FLANAGAN  HB02 
6633  CANOGA  AVENUE 
CANOGA  PARK  CA  91304 

1  SCIENCE  APPLICATIONS  INC 

ATTN  R  B  EDELMAN 
23146  CUMORAH  CREST 
WOODLAND  HILLS  CA  91364 

3  SRI  INTERNATIONAL 

ATTN  G  SMITH 
D  CROSLEY 
D  GOLDEN 

333  RAVENSWOOD  AVENUE 
MENLO  PARK  CA  94025 

1  STEVENS  INSTITUTE  OF  TECH 

DAVIDSON  LABORATORY 
ATTN  R  MCALEVY  III 
HOBOKEN  NJ  07030 

1  SVERDRUP  TECHNOLOGY  INC 

LERC  GROUP 

ATTN  R  J  LOCKE  MS  SVR  2 
2001  AEROSPACE  PARKWAY 
BROOK  PARK  OH  44142 


1  SVERDRUP  TECHNOLOGY  INC 

ATTN  J  DEUR 

2001  AEROSPACE  PARKWAY 
BROOK  PARK  OH  44142 

3  THIOKOL  CORPORATION 

ELKTON  DIVISION 
ATTN  R  BIDDLE 
R  WILLER 
TECH  LIB 
P  O  BOX  241 
ELKTON  MD  21921 

3  THIOKOL  CORPORATION 

WASATCH  DIVISION 
ATTN  S  J  BENNETT 
P  O  BOX  524 

BRIGHAM  CITY  UT  84302 

1  UNITED  TECHNOLOGIES  RSCH  CENTER 

ATTN  A  C  ECKBRETH 
EAST  HARTFORD  CT  06108 

1  UNITED  TECHNOLOGIES  CORP 

CHEMICAL  SYSTEMS  DIVISION 
ATTN  R  R  MILLER 
P  O  BOX  49028 
SAN  JOSE  CA  95161-9028 

1  UNIVERSAL  PROPULSION  COMPANY 

ATTN  H  J  MCSPADDEN 
25401  NORTH  CENTRAL  AVENUE 
PHOENIX  AZ  85027-7837 

1  VERITAY  TECHNOLOGY  INC 

ATTN  E  B  FISHER 
4845  MILLERSPORT  HIGHWAY 
EAST  AMHERST  NY  14051-0305 

1  FREEDMAN  ASSOCIATES 

ATTN  E  FREEDMAN 
241 1  DIANA  ROAD 
BALTIMORE  MD  21209-1525 

1  ALLIANT  TECHSYSTEMS 

ATTN  J  BODE 
600  SECOND  ST  NE 
HOPKINS  MN  55343 
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ALLIANT  TECHSYSTEMS 
ATTN  C  CANDLAND 
600  SECOND  ST  NE 
HOPKINS  MN  55343 

ALLIANT  TECHSYSTEMS 
ATTN  L  OSGOOD 
600  SECOND  ST  NE 
HOPKINS  MN  55343 

ALLIANT  TECHSYSTEMS 
ATTN  R  BURETTA 
600  SECOND  ST  NE 
HOPKINS  MN  55343 

ALLIANT  TECHSYSTEMS 
ATTN  R  BECKER 
600  SECOND  ST  NE 
HOPKINS  MN  55343 

ALLIANT  TECHSYSTEMS 
ATTN  M  SWENSON 
600  SECOND  ST  NE 
HOPKINS  MN  55343 

US  ARMY  BENET  LABORATORY 
ATTN  SAM  SOPOK 
SMCAR  CCB  B 
WATERVLIET  NY  12189 


ABERDEEN  PROVING  GROUND 


36  DIR  USARL 

ATTN;  AMSRL-WT-P,  A  HORST 
AMSRL-WT-PC, 

R  A  FIFER 
G  F  ADAMS 
W  R  ANDERSON 
R  A  BEYER 
S  W  BUNTE 
C  F  CHABALOWSKI 
K  P  MC  NEILL  BOONSTOPPEL 
A  COHEN 
R  CUMPTON 
R  DANIEL 
D  DEVYNCK 
N  FFELL 
B  E  FORCH 
J  M  HEIMERL 
A  J  KOTLAR 
M  R  MANAA 
W  F  MCBRATNEY 
K  L  MCNESBY 
S  V  MEDLIN 
M  S  MILLER 
A  W  MIZIOLEK 
S  H  MODIANO 
J  B  MORRIS 
J  E  NEWBERRY 
S  A  NEWTON 
R  A  PESCE-RODRIGUEZ 
B  M  RICE 
R  C  SAUSA 
M  A  SCHROEDER 
J  A  VANDERHOFF 
M  WENSING 
A  WHREN 
J  M  WIDDER 
C  WILLIAMSON 
AMSRL-CI-CA,  R  PATEL 
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USER  EVALUATION  SHEET/CHANGE  OF  ADDRESS 


This  Laboratory  undertakes  a  continuing  effort  to  improve  the  quality  of  the  reports  it  publishes.  Your  comments/answers 
to  the  items/questions  below  will  aid  us  in  our  efforts. 

1.  ARL  Report  Number  ARL-TR-718 _ Date  of  Report  March  1995 _ 

2.  Date  Report  Received _ 

3.  Does  this  report  satisfy  a  need?  (Comment  on  purpose,  related  project,  or  other  area  of  interest  for  which  the  report 

will  be  used.) _ 


4.  Specifically,  how  is  the  report  being  used?  (Information  source,  design  data,  procedure,  source  of  ideas,  etc.) 


5.  Has  the  information  in  this  report  led  to  any  quantitative  savings  as  far  as  man-hours  or  dollars  saved,  operating  costs 
avoided,  or  efficiencies  achieved,  etc?  If  so,  please  elaborate. _ 


6.  General  Comments.  What  do  you  think  should  be  changed  to  improve  future  reports?  (Indicate  changes  to 
organization,  technical  content,  format,  etc.) _ 


Organization 


CURRENT  Name 

ADDRESS  _ 

Street  or  P.O.  Box  No. 


City,  State,  Zip  Code 

7.  If  indicating  a  Change  of  Address  or  Address  Correction,  please  provide  the  Current  or  Correct  address  above  and  the 
Old  or  Incorrect  address  below. 


Organization 


OLD  Name 

ADDRESS  _ 

Street  or  P.O.  Box  No. 


City,  State,  Zip  Code 


(Remove  this  sheet,  fold  as  indicated,  tape  closed,  and  mail.) 
(DO  NOT  STAPLE) 


DEPARTMENT  OF  THE  ARMY 


OFFICIAL  BUSINESS 


BUSINESS  REPLY  MAIL 

FIRST  CLASS  PERMIT  NO  0001  ,APG,MD 


POSTAGE  WILL  BE  PAID  BY  ADDRESSEE 


NO  POSTAGE 
NECESSARY 
IF  MAILED 
IN  THE 

UNITED  STATES 


DIRECTOR 

U.S.  ARMY  RESEARCH  LABORATORY 
ATTN:  AMSRL-WT-PC 

ABERDEEN  PROVING  GROUND,  MD  21005-5066 


